Abstract The transient outward current (ITO) is an important repolarizing component of the cardiac action potential. In native cardiac myocytes, ITO is modulated after activation of protein kinase C, although the molecular nature of this effect is not well understood. A channel recently cloned from human ventricular myocardium (KvL.4, HK1) produces a rapidly inactivating K' current, which has phenotypic similarities to the 4-aminopyridine-sensitive component of ITO-Therefore, we examined whether this recombinant channel was also modulated by protein kinase C activation by investigating the effects of the diacylglycerol analogue phorbol 12-myristate 13-acetate (PMA) on Kvl.4 K' current expressed in Xenopus oocytes. At a concentration of 10 nmol/L, PMA caused a biphasic response with an initial increase (14+4%, mean+SEM) in current, which peaked in 14 minutes. This was followed by a significant reduction (40+11%) in the current within 30 minutes. There was no significant change in cell membrane electrical capacitance with 10 nmol/L PMA (1±1% decline in 30 minutes), demonstrating that loss of cell membrane surface area did not explain the reduction in K' current, although cell capacitance did decrease when using a higher concentration of PMA (81 nmol/L). The inactive stereoisomer, 4a-PMA, had no effect on Kvl.4 current, whereas preincubation with the protein kinase inhibitor staurosporine or protein kinase C-selective chelerythrine prevented the effects of PMA. When purified from a stably transfected mammalian cell line by using immunoprecipitation, the channel protein was readily phosphorylated in vitro by purified protein kinase C. These results indicate that human Kvl.4-induced current is modulated by protein kinase C activation and suggest a role for direct K' channel phosphorylation as the molecular mechanism of this effect. (Circ Res. 1994;75:999-1005 To explore the role of protein phosphorylation in K' channel function at the molecular level, we examined whether protein kinase C activation could result in both modulation of channel activity and phosphorylation of purified channel protein when using an inactivating K' channel cloned from human cardiac tissue.7,8 The cDNA encoding this channel was originally termed HK1 and is designated Kvl.4 according to a proposed nomenclature for vertebrate K' channel genes.14 The amino acid sequence contains multiple potential phosphorylation sites for protein kinase C,15,16 suggesting that this may be a mechanism of channel modulation.
R apidly inactivating or A-type K' currents play an important role in repolarization in a wide variety of excitable cells. In cardiac myocytes, the transient outward current (ITO) is an A-type K' current thought to be largely responsible for early repolarization or phase 1 of the cardiac action potential.1,2 Although its importance varies among tissue types and species, a large component of ITO has been demonstrated in atrial as well as ventricular myocytes obtained from human heart.3-5 Protein kinase C plays an important role in modulating ion channel function in many types of cells.6 Recent advances in the cloning of voltage-gated K' channels7'8 provide a unique opportunity to study molecular mechanisms of kinase effects on the function of channels derived from human tissue. Previous studies have shown that agents such as a-adrenergic receptor agonists, which stimulate phosphatidylinositol turnover and the subsequent activation of protein kinase C, suppress ITO, with a resultant increase in action potential duration.9-12 However, investigation of this current in native myocytes is complicated by the presence of multiple current components. 2"13 To explore the role of protein phosphorylation in K' channel function at the molecular level, we examined whether protein kinase C activation could result in both modulation of channel activity and phosphorylation of purified channel protein when using an inactivating K' channel cloned from human cardiac tissue. 7, 8 The cDNA encoding this channel was originally termed HK1 and is designated Kvl.4 according to a proposed nomenclature for vertebrate K' channel genes.14 The amino acid sequence contains multiple potential phosphorylation sites for protein kinase C, 15, 16 suggesting that this may be a mechanism of channel modulation.
Materials and Methods Experimental Preparation
The synthesis of RNA from Kvl.4 cDNA and preparation of Xenopus oocytes have been previously described.817 After disaggregation, the cells were placed in a physiological solution (ND-96, see below) and incubated at room temperature for 1 to 24 hours until cytoplasmic RNA injection. By use of RNase-free water, 5'-capped cRNA was diluted so that K' current expressed in 24 to 48 hours was <5 ,uA when 30 to 35 nL was injected. The oocytes were then kept at 18°C for 1 to 4 days until experimentation. Each batch of cells was screened for endogenous Cl-currents by using depolarizing voltageclamp steps (range, -110 to +40 mV). Oocytes having endogenous currents at these voltages, which were >1% of expressed currents, were not used. the current-passing electrode and 2 to 7 Mfl for the voltagemeasuring electrode. Recordings were obtained using an Axoclamp amplifier (Axon Instruments, Inc) with data sampled at 5 kHz and filtered at 1 kHz. Voltage command potentials were generated using a 12-bit digital-to-analog converter (Tecmar) controlled by customized PCLAMP software (Axon Instruments). Because of the slow kinetics of Kvl.4 recovery from inactivation,8 voltage-clamp pulses were delivered every 15 seconds unless otherwise noted. The holding potential was -120 mV to allow full recovery from inactivation. Current recordings were obtained initially every 30 seconds by using a pulse to +40 mV for 10 minutes after electrode impalement to ensure cell stability; K' current was also monitored in this way after the addition of a test compound such as phorbol 12-myristate 13-acetate (PMA) to observe changes in current amplitude. The clamp protocols conducted under control conditions were repeated after changes observed in current amplitude after the administration of PMA approached steady state (.1% change in peak current amplitude per minute for 5 minutes). Cell membrane electrical capacitance calculations were made by recording the capacitive transient associated with a small voltage step (-120 to -110 mV), during which Kvl.4 current was not activated. Integration of the leak-corrected transient yielded the charge (Q) transferred during the voltage step (V), from which capacitance (C) was calculated: C=Q/V. All experiments were performed at room temperature (22°C±2°C).
Solutions
Oocytes were continuously superfused at a rate of 0.5 to 1 mL/min with a physiological solution (ND-96) containing (mmol/L) NaCl 96, KCl 2, CaCl2 1.8, MgCl2 1.0, and HEPES 5 (pH 7.50). This solution was also used for incubation before cRNA injection. PMA was purchased from Sigma Chemical Co, 4a-PMA and chelerythrine were from LC Services, and staurosporine was from Kyowa Hakko.
Data Analysis
Analysis was performed with custom programs that were designed to read and analyze PCLAMP data files. K' currents derived from Kvl.4 were activated at voltages more positive than -60 mV. Therefore, leak subtraction was performed by obtaining the least-squares fit to the passive linear leak current obtained during voltage steps from -120 to -80 mV. The time course of macroscopic current inactivation was fitted with an exponential function by using a nonlinear least-squares algorithm. 
L-Cell Membranes
The production and affinity purification of the Kvl.4 antisera as well as methods for Western blot analysis have been previously described in detail.2' Confluent flasks of Kvl.4-and sham-transfected L cells were induced with 4 ,umol/L dexamethasone for 24 hours and membrane fractions isolated. After SDS-polyacrylamide gel electrophoresis (PAGE) and transfer to nitrocellulose, incubation was performed with a 1:400 dilution of Kvl.4 antisera for 2.5 hours followed by a 1:7500 dilution of horseradish peroxidase-conjugated goat anti-rabbit IgG. Detection was achieved with an enhanced chemiluminescence kit.
Results
In experiments with both 10 and 81 nmol/L (50 mg/mL) PMA, marked suppression of Kvl.4 current was observed over time. Fig 1 demonstrates outward K' currents in Xenopus oocytes injected with Kvl.4 cRNA during step depolarizations before ( Fig 1A) and after ( Fig 1B) the addition of 10 nmol/L PMA. After steady state was achieved after drug exposure, peak current amplitude at +40 mV was reduced by 78% in this experiment. In the experiments with 10 nmol/L PMA, this reduction was significant after 30 minutes of exposure to PMA, averaging 40±11% (n=10). At a higher PMA concentration of 81 nmol/L, the reduction in current was 54±7% (n-11) for the same time period, although this apparent increased effect was not statistically significant. The current-voltage relation for each experiment was normalized to peak current amplitude at +50 mV under control conditions. Averaged values for the entire group of experiments are shown in Fig 1C. It is apparent that Kvl.4 current was reduced by the phorbol ester at all test potentials examined.
To characterize further the nature of this effect, we examined whether PMA affected the voltage dependence of channel gating. A standard two-pulse protocol was used to assess the voltage dependence of steadystate channel availability. Fig 2 shows to PMA at a concentration of 10 nmol/L (-55±1 mV before and -55+±2 mV after PMA, n=6). The time course of macroscopic K+ current decline was examined to obtain an estimate of the apparent rate of inactivation. The time constant was 35±2 milliseconds at +40 mV under baseline conditions and did not change after the administration of PMA (38±2 milliseconds, n=9). Finally, a two-pulse protocol was used to measure recovery from K+ current inactivation at -120 mV. Fig  3 demonstrates that PMA did not alter the time constant of this process from the control values (3.8±0.2 seconds at baseline and 3.9±0.2 seconds after PMA, n=4). When a higher concentration of PMA (81 nmol/L) was used, there was also no apparent change in the voltage dependence of gating as reflected by the time course of inactivation, the steady-state inactivation curve, and recovery from inactivation.
The time course of effect was examined in more detail by recording current at +40 mV every 30 seconds during the addition of PMA as described above. In Fig  4A, a representative experiment is shown to demonstrate the time course of the effect of PMA on peak Kv1.4 current by using data normalized to an averaged value just before drug exposure. Initially PMA caused a significant increase in the current, averaging 14±4% within 14±2 minutes. In some oocytes, this increase was substantial with a maximum increase of 42%. In experiments using 81 nmol/L PMA, the current increase occurred earlier (11±1 minutes) but was similar in extent (+ 15±5%). Of note, variability was observed in the time course of the effect of PMA so that the increase and subsequent decrease of current were not aligned in time in all experiments. In two experiments using 10 nmol/L PMA, the current peaked considerably later (:'23 minutes after the addition of drug); in these experiments, the time course of suppression was also delayed, with K+ current amplitude still above baseline values (by 11% and 28%) at 30 minutes. When these two experiments were excluded, the decrease in peak current at 30 minutes in the remaining experiments (n=8) averaged 54%.
To examine the possibility that the K+ current reduction caused by PMA was due to nonspecific internalization of channel-containing oocyte plasma membrane25 rather than modulation of Kv1. 4 RECOVERY TIME Is) utes (22+7% than a nonspecific effect of the phorbol ester on channel function. The inactive stereoisomer 4a-PMA had essentially no effect on Kvl.4 current (Fig 4C) , with a 3±f-5% increase at 30 minutes (n=4). In another set of experiments, oocytes were preincubated in either the protein kinase inhibitor staurosporine (3 ,umol/L, 20 before the addition of PMA. As shown in Fig 4D, PMA had no significant effect on outward K' current after 30 minutes in the presence of either staurosporine or chelerythrine (n=4 each).
Channel protein was obtained from L cells expressing Kvl.4 current to determine whether protein kinase C could phosphorylate the channel directly. Immunoprecipitation with Kvl.4-specific antisera was performed by use of L cells transfected with either Kv1. 4 (Fig 5, lane 1 
Discussion
Our results demonstrate that the phorbol ester PMA modulates Kvl.4 current expressed in Xenopus oocytes. The bimodal nature of the effect of PMA is intriguing, and its significance is unclear at the present time, although several explanations are possible. First, protein kinase C activation can lead to a dual physiological response (with an initial stimulation and subsequent reduction) that is due to negative feedback control of one or more steps in the cell-signaling process.8 For example, a biphasic effect of phorbol ester has been described on B-lymphocyte activation, with an initial enhancement and subsequent suppression of proliferation. 29 In addition, it was recently reported that cardiac L-type Ca21 channels are modified in a bimodal fashion by protein kinase C both in mammalian ventricular myocytes3031 and after the expression of these channels in Xenopus oocytes. 32, 33 Second, it is possible that after the initial stimulation of K' current activity, channel internalization resulted from PMA administration. In our experiments, we observed a concentration-and time-related reduction in cell membrane surface area as reflected by cell membrane capacitance; this reduction was significant after 30 minutes only with a PMA concentration of >10 nmol/L. These findings are consistent with a previous report of downregulation of the Na+-ATPase in Xenopus oocytes after PMA administration; this downregulation was due to internalization of cell surface membrane and loss of ouabain binding sites.25 A concentration-related response was also observed in that study accompanied by a change in capacitance and loss of cell membrane invaginations by electron microscopy. In prior studies of cloned cardiac Ca' channels expressed in Xenopus oocytes, a significant reduction in current was associated with a drop in capacitance in one study33 and no change in capacitance in another.32 Channel internalization is unlikely to explain our experimental results because the substantial depression of current that occurred at a time when capacitance (ie, membrane surface area) was unchanged. However, we cannot rule out the possibility of selective internalization of K' channel protein, especially if channels were not evenly distributed on the cell surface membrane. Of interest, our findings of a biphasic effect of PMA do not fully agree with a recent report of the effects of protein kinase C stimulation on RH10, a K' channel cloned from rat heart, which also corresponds to Kvl.4. When expressed in Xenopus oocytes, RH10 current was suppressed by a higher concentration of PMA (100 nmol/L) over time without an initial increase observed. 34 The reason for this difference from our experimental results is not clear at the present time. Although cell capacitance was not measured in the other study, the concentration of PMA (100 nmol/L) used was similar to the higher concentration (81 nmol/L) we used, which demonstrated an initial increase in current. Although the rat (RH10) and human (HK1) versions of Kvl.4 are 98% identical, three consensus sites for protein kinase C phosphorylation present in the human channel amino acid sequence are altered in the rat isoform (S67--T, S78->G, and S90->T). These differences could provide a basis for explaining the discrepant effects of PMA on K' current derived from these channels, a hypothesis that can be tested by using mutagenesis strategies.
A third possible mechanism for the dual response in Kvl. 4 39 Our results suggest that modulation of Kvl.4 current by protein kinase C activation results from direct phosphorylation of the channel protein itself. The amino acid sequence of the channel has numerous potential sites for phosphorylation by protein kinase C,15,16 although the exact site(s) responsible for the effects we observed is unknown at the present time. It has been reported that a Shaker K' channel could be phosphorylated by the kinase in the S4-S5 loop. 40 We have mutated serines 461 in the S4 segment and 474 in the S4-S5 loop to alanines; however, these mutations resulted in loss of channel expression. Further studies are necessary to determine conclusively whether direct channel phosphorylation is responsible for our experimental findings, and if so, which serine/threonine(s) is modified.
The physiological correlate(s) of Kvl.4 current in native cardiac myocytes is not well understood. In mammalian cardiac myocytes, ITO is modified by a-adrenergic stimulation that is presumably due to protein kinase C activation.9-12 In rabbit atrial cells, PMA causes an increase in ITO41; in rat ventricular cells, the phorbol ester results in suppression of ITO.9 Kvl.4 current is similar phenotypically to human ITO ,42 although recovery from inactivation is considerably slower.843 In this respect, it resembles ITO reported from rabbit atrial myocytes.41 Nevertheless, coexpression of Kvl.4 with other mammalian Shaker homologues results in more rapid recovery from inactivation. 43 This raises the possibility that the native channel exists as a heteromultimer that could also include unique subunits, as has been observed for Na+, Ca2+, and nicotinic acetylcholine receptor channels. Thus, the heterogeneity of native cardiac A-type current phenotypes may reflect not only the presence of distinct isoforms with different kinetics and response to kinase activation but also heteromultimer formation. Nevertheless, the present study demonstrates significant modulation of this important K' channel and provides an initial step toward unraveling the complex nature of metabolic regulation of human cardiac K' channels.
